Introduction
A universal feature of the subtropical gyre circulation in the world oceans is the presence of a thick layer of weak temperature gradient on the equatorward side of the gyre's western boundary current extension (see Hanawa and Talley 2001 for a comprehensive review). In the North Pacific Ocean, this mode water is commonly referred to as the Subtropical Mode Water (STMW ; Masuzawa 1969; 1972) . Like mode waters in other western subtropical basins, STMW exists in between the seasonal and permanent thermoclines and is formed due to the regional, wintertime convective cooling (Bingham 1992; Suga and Hawana 1995a; Suga et al. 2004 ).
Because STMW serves as a sequestered heat reservoir that can potentially modulate regional and remote surface/subsurface temperature signals (Vivier et al. 2002; Qiu 2002; Deser et al. 2003; Kelly 2004) , a number of studies in recent years have investigated the long-term changes in the STMW properties. For example, Bingham et al. (1992) found that STMW was thicker and more uniform in temperature during 1938-42 than during 1978-82. They attributed this difference to the stronger wintertime cooling during the 1938-42 pentad. Based on repeat hydrographic surveys along the 137 • E meridian south of Japan, Suga and Hanawa (1995b) found a good correlation between the observed STMW properties and the surface pressure difference between Nemuro, Japan, and Irkutsk, Russia, which serves as an index for the strength of the wintertime East Asian Monsoon. The fact that a more intense monsoon results in the formation of a deeper mixed layer and thicker and colder STMW has also been stressed in other recent studies by Yasuda and Hanawa (1999) , Taneda et al. (2000) , and Hanawa and Kamada (2001) .
Because STMW forms adjacent to the Kuroshio Extension (KE) where enhanced mesoscale eddy variability is detected, two recent studies have explored the roles played by the mesoscale eddies in the formation of STMW. Based on Argo profiling float data acquired in 2001, Uehara et al. (2001) observed that anticyclonic mesoscale eddies tend to trap more intense STMW than cyclonic mesoscale eddies. By analyzing historical CTD/XBT and profiling float data, Qiu and Chen (2006) found that STMW formation depends sensitively on the dynamic state of the KE.
The formation rate is reduced when the KE path is in a variable state in which high regional eddy variability infuses high potential vorticity KE water into the recirculation gyre, increasing the upper ocean stratification and hindering the development of a deep winter mixed layer. A stable KE path with suppressed eddy variability, on the other hand, favors the maintenance of a weak stratification in the recirculation gyre, leading to a deep winter mixed layer and formation of a thick STMW layer.
One important issue that was not addressed in the afore-mentioned studies is the timescale on which mesoscale eddies are able to alter the upper ocean stratification inside the recirculation gyre. The historical temperature data set simply does not have the needed spatial and temporal coverage to adequately address this question. Dynamically, this is an important issue because STMW is renewed convectively on an annual basis. If the dynamic influence of the mesoscale eddies acts on the slower interannual timescale, one may expect a stronger control on the STMW variability by the wintertime atmospheric condition, rather than the oceanic eddy-induced preconditioning effect. To fully understand the oceanic versus atmospheric control on STMW, an in-depth examination into how mesoscale eddies modify the upper ocean stratification in the recirculation gyre is called for.
In 2003 a collaborative research program named Kuroshio Extension System Study (KESS) was initiated. One of the objectives of KESS is to clarify the processes that govern the temporal variability of STMW and the KE mesoscale eddy field. (Complete scientific objectives of KESS can be found online at http://www.gso.uri.edu/kess.) Twenty Apex profiling floats were deployed in the KE recirculation gyre in May-June 2004, and another set of 28 floats were deployed in MayJune 2005. With a repeat cycle of 5 days, an unprecedented amount of high vertical-resolution temperature-salinity (T -S) profiles have been collected from the KE in the past two years. By combining the profiling T -S data with the mesoscale-resolving sea surface height (SSH) data from multiple satellite altimetry missions, we seek to quantitatively evaluate the effect of mesoscale eddies on the STMW variability.
It is worth mentioning that the KE system underwent a transition in late 2004 from a relatively stable state to an unstable state in which the KE path became highly variable and the regional eddy kinetic energy (EKE) level was nearly doubled. As will be described in section 3, this transition in the KE's dynamic state is connected to the decadal changes in the basin-scale surface wind field of the North Pacific Ocean. The occurrence of this transition is fortuitous as it provides us with an opportunity to contrast the STMW signals in the two different dynamic states of the KE, and to quantify the eddy-induced STMW transformation using the 2-yr, densely-sampled KESS measurement data. Like their first-year counterparts, the new Apex floats conduct T -S measurements every 5 days as they arise from the 1,500 m parking depth. The measurements have a vertical resolution of 5 m in the surface 100 m layer, 10 m in the 100-400 m layer, 30 m in the 400-1,000 m layer, and 100 m in the 1,000-1,500 m layer. Detailed information regarding the float data and the preliminary analysis results are available online at http://www.soest.hawaii.edu/snol. To complement the KESS profiling float data, we also include in this study the T -S data from the profiling floats that are in the domain and period of our interest from the Japanese Argo program (Oka and Suga 2003) . For all the profiling data, a delayed-mode quality control is conducted following a procedure similar to that proposed by Wong et al. (2003) . Specifically, the measured T -S data is compared to the 1 • × 1 • World Ocean Atlas 2001 climatology (Conkright et al. 2002) . The data is excluded if it falls outside of the two-standard-deviation envelopes of the local, climatological T -S curve.
2005 KESS survey
In order to better capture the time-varying KE jet, the recirculation gyre, and the mesoscale eddy field, we combine in this study the float T -S data with satellite altimetry data. For this purpose, we use the global SSH anomaly dataset compiled by the Collecte, Localisation, Satellites (CLS) Space Oceanographic Division of Toulouse, France. The data set merges the Ocean Topography Experiment (TOPEX)/Poseidon, Jason-1, and European Remote Sensing Satellite (ERS)-1/2 along-track SSH measurements and has improved capability of detecting mesoscale SSH signals (Le Traon and Dibarboure 1999; Ducet et al. 2000) . The CLS SSH anomaly data set has a 7-day temporal resolution and a 1/3 • × 1/3 • spatial resolution. For the mean SSH field, we adopt the surface dynamic height (0/1,000 dbar) climatology compiled by Teague et al. (1990) .
Given the mean SSH field, the absolute SSH field is simply the sum of the mean and anomalous SSH data. For brevity, the absolute SSH field will be referred to as the SSH field throughout this study.
KE dynamic state in 2004 vs. 2005
Following the launch of the TOPEX/Poseidon altimeter satellite in 1992, our ability to observe the time-varying surface ocean circulation has improved significantly. During the 14 years since 1992, the KE jet and its southern recirculation gyre have been observed to oscillate between a stable state in the which the KE jet had a relatively stable path and a well-defined southern recirculation gyre, and an unstable state in which the KE path is highly variable and the regional EKE level is elevated (Qiu and Chen 2005) . The transition from a stable to an unstable state occurred in mid 1995 and the reverse transition from an unstable to a stable state occurred at the beginning of 2001. While the KESS observations have been underway in the past two years, the KE system experienced another transition from a stable to an unstable state. In this section, we first provide a detailed description of this transition based on the satellite altimetry data. The cause for this recent transition is then discussed in relation to the decadal Pacific oscillations (PDOs; Mantua et al. 1997) . the "classical" pattern of two quasi-stationary meanders (e.g., Mizuno and White 1983) and is accompanied by a well-defined southern recirculation gyre (identifiable in Fig. 2 by areas where the SSH values exceed 220 cm). During this period, the KE jet and the recirculation gyre were relatively stable and, as noted above, this stable pattern had persisted through the preceding 3 years after the KE system transitioned from an unstable to a stable state at the beginning of 2001. Notice that in May-June 2004, an intense cold-core ring detached from the main KE jet near 158 • E. With seamounts extending to as shallow as 2,500 m, the Shatsky Rise near 158 • E (see Fig. 1 for the regional bathymetry) has been noted by many previous studies as a preferential site for generating mesoscale eddies as a result of the interaction of the deep KE jet with the bottom topography (Hurlburt et al. 1996; Ebuchi and Hanawa 2001) . Being the first intense cold-core ring cut off from the KE jet in 2004, the ring will be referred to as CCR-04A in this study. Fig. 2 ; further discussion of the CCR-04B detachment will be given later in section 4).
After its detachment, CCR-04B drifted westward from January to April in 2005 (Fig. 3) . In the subsequent 4 months from May to August, however, it became largely stationary upon reaching 144 • E near the center of the recirculation gyre. In late August, CCR-04B started to interact with the inflow KE jet southeast of Japan and the ring was subsequently absorbed by the KE jet in early September. After inducing the formation of CCR-04B, CCR-04A, on the other hand, continued to interact with the KE jet near 147 • E. This interaction was particularly vigorous in April-June 2005 when CCR-04A became temporally absorbed and later on re-detached from the KE jet. CCR-04A was eventually absorbed by the KE jet near 147 • E in August 2005.
In mid December 2004, a third cold-core ring, CCR-04C, can be seen in Fig. 2 to have formed near the Shatsky Rise. After separating from the KE jet, CCR-04C started to drift westward in a manner similar to CCR-04A. Unlike its predecessor, however, CCR-04C was absorbed by the behaved quite similarly to CCR-04A.
As a result of the enhanced mesoscale eddy formation and the eddies' interaction with the KE jet, the KE path in 2005 can be seen in Fig. 3 to be more variable than that in 2004 (cf. Fig. 2 Fig. 4a; note that the time series here is plotted as the deviation from the regional mean EKE value).
It is helpful here to place the 2004/05 transition of the KE system from a stable to an unstable state in a broader, spatial and temporal context. As indicated in Figure 4c shows the PDO index for the period of our interest; here a positive (negative) value represents a positive (negative) wind stress curl anomaly over the central North Pacific Ocean and it works to lower (raise) the local SSH through Ekman flux divergence (convergence). When these wind-induced, negative (positive) SSH anomalies propagate westward into the KE region, they tend to switch the KE system into an unstable (stable) dynamic state (Qiu and Chen 2005) . Indeed, there exists a high correlation between the EKE time series in the upstream KE region and the PDO index 
Impact of enhanced eddy variability
Given the enhanced eddy variability in 2005, it is natural to ask to what extent this change in the dynamic state of the KE affects the regional water mass properties. To address this question, we plot in Fig. 6 the monthly distributions of potential vorticity (PV) on the 25.375 σ θ density surface based on the available T -S profiles in the KESS period. Here, PV is defined by (Talley 1988 ):
where f is the Coriolis parameter and ρ is the water density. The 25.375 σ θ density surface is chosen to represent the STMW core layer (Hanawa and Talley forcing, but also on the stratification of the upper ocean. In the idealized case where the upper ocean has a constant buoyancy frequency N , for example, the convective mixed layer depth is determined by (Qiu and Chen 2006) :
where α is seawater's thermal expansion coefficient, ρ o its reference density, c p its heat capacity, and Q net the net surface heat flux. Given the enhanced activity of cold-core rings in late 2004, the shallow winter mixed layer detected in March 2005 is likely due to the influence of the cold-core rings that brought the high-PV, hence large N , northern KE water to the recirculation gyre (see discussions below). At present, a detailed upper ocean budget analysis is being conducted using the KESS/KEO moored measurement data and the results will be reported in a forthcoming study
While no attempt is made to analyze the overall upper ocean heat budget in this study, the abundance of the profiling T -S data around CCR-04B ( During this 8-month period, a significant increase in PV was observed in the STMW layer (recall 
where Q 0 denotes the background PV value in the recirculation gyre unperturbed by CCR-04B; its value (Q 0 = 0.6 × 10 −10 m −1 s −1 ) is determined from the available profiling float data prior to December 2004. From the least-squares fit to the square marks in Fig. 11c , Q 1 and a in Eq. we believe that this assumption is valid.
With the initial PV signal specified by Eq. (3), it is easy to show that if the high-PV anomalies of CCR-04B were to spread out evenly over the recirculation gyre region under consideration (i.e., a 4 • lat. × 6 • long. box), the PV increase over the region would be:
In Fig. 7d , the observed PV change on the 25.375 σ θ surface from December 2004 to September 2005 is 1.0 × 10 −10 m −1 s −1 , suggesting that CCR-04B alone would be sufficient to produce the PV change observed in the recirculation gyre 2 .
The fact that CCR-04B alone is capable of producing the observed PV changes in the recirculation gyre can also be appreciated from the strength of CCR-04B. As shown in Fig. 10 , the observed SSH gradient across CCR-04B, ∼ 1.2 m, is nearly as large as that across the KE jet. This implies that the upper ocean transport associated with CCR-04B can reach a significant portion of the KE jet. Indeed, an evaluation based on the available profiling T -S data around CCR-04B ) . Clearly, CCR-04B constituted a significant portion of the KE jet (at least 60% of it) when it was injected into the recirculation gyre.
In order to evaluate the time-dependent influence of CCR-04B after it moved into the recirculation gyre, we plot in The process through which the high-PV CCR-04B water is mixed into the surrounding STMW is likely due to instabilities associated with the strong velocity shear between the cyclonic CCR-04B and the anticyclonic recirculation gyre. Although the profiling float data are inadequate to explore this physical process in detail, it is possible to estimate the effectiveness of CCR-04B's influence by adopting the following isopycnal diffusion equation for PV on the 25.375 σ θ surface:
where A h denotes the isopycnal eddy diffusivity and r the radial distance from the center of CCR-04B. Given the slow migration of CCR-04B inside the recirculation gyre (Figs. 2 and 3) , we have ignored the advective effect of its movement in Eq. (4). Subject to the initial condition (3), Eq. (4) has the solution:
In Fig. 13 , we plot the Q(r, t) evolution averaged in the band of r = 100 − 250 km based on Eq. (5).
Here, the value for eddy diffusivity has selected parametrically. For comparison, the observed PV evolution averaged in the same r = 100 − 250 km band is included in Fig. 13 as the black curve. The model result, especially that with A h = 300 m 2 s −1 , is found to favorably reproduce the observed PV evolution surrounding CCR-04B.
It is worth commenting that this A h = 300 m 2 s −1 value is smaller than the eddy diffusivity values inferred by Stammer (1998) Fig. 10 ), the eddy shedding process is much more efficient in mixing different water masses than the lateral diffusion process following the eddy's cut-off. Eddy mixing, at the level of A h = 300 m 2 s −1 , in the recirculation gyre is nevertheless significant: it was able to alter the PV signals of STMW by a factor of 2 on intraannual timescales.
Discussions and summary
It has been known for three decades that the region surrounding the Kuroshio Extension (KE) in the western North Pacific has a high level of mesoscale eddy variability (e.g., Wyrtki et al. 1976) . It is only in recent years, after the decade-long accumulation of the global satellite altimeter data, that it has become recognized that this mesoscale eddy variability modulates on a decadal timescale, and that the eddy field modulation is closely connected to the dynamic state of the KE system. The need to better understand the causes and effects of the mesoscale eddies has led to the initiation of the collaborative research program: the Kuroshio Extension System Study (KESS).
Beginning in January 2002, the KE system exhibited a stable state in which the KE path was relatively stable and the southern recirculation gyre was intense and well-defined (Qiu and Chen 2005 Both the data analysis and the modeling result in this study show that the impact on the STMW signal by the cold-core eddies occurs on a timescale of a few months. This result is important as it indicates that the STMW properties respond rather effectively to the changes in the dynamic state of the KE system. Indeed, if the eddy erosion were a "slow" process that occurs on interannual or longer timescales, one would expect the STMW signals to reflect more the year-to-year changes in the wintertime atmospheric conditions. The fact that the eddy erosion occurs on the intra-annual timescale supports our recent findings based on historical temperature data that the changes in the STMW formation in the last decade depended more sensitively on the dynamic state of the KE than on the the overlying atmospheric conditions (Qiu and Chen 2006) . The STMW formation, as we noted in Eq. (2), is sensitive to the stratification of the upper ocean. When the KE is in a stable state, the thicker thermocline layer tends to weaken the upper ocean stratification, thereby favoring the STMW formation. When the GS is in a stable state, on the other hand, the upper ocean temperature increases whereas the thermocline thickness remains constant. These conditions tend to increase the stratification and thus do not favor STMW formation.
It is worth noting that like the KE, the Gulf Stream (GS) system in the North
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Appendix: Transport estimations for CCR-04B and the KE jet
To evaluate the volume transport of CCR-04B, we collected all T -S profiles around the ring from June to August 2005 (see Fig. 6 for the available data points). Figure A1a shows the temperature section as a function of the radial distance from the center of CCR-04B after averaging the available temperature measurements. A section for salinity is similarly obtained (not shown).
From the T -S sections, we calculate the azimuthal geostrophic velocity relative to the 1,500 dbar level. To estimate the velocity at this reference level, we utilize the drifting information from the profiling floats (all KESS floats have a parking depth at 1,500 dbar). Figure A1c (Fig. 4a) and that of the PDO index (Fig. 4b) 
